Abstract-This paper describes a method to design adaptive attitude controller of autonomous underwater vehicle (AUV). The main purpose of this design is to adapt to the error caused by coupling between different controls channels as time-varying errors. In this paper, system identification method is not used to get the dynamic model directly, but to simplify the hydrodynamic model and quantize the effect caused by coupling as error of parameters. Computational-fluid-dynamics (CFD) method is used to build a hydrodynamic model to increase the experiment data and simulate the effect of coupling. And on this basis, An ℒ1 adaptive controller can get enough resources to be build. In the final simulation, the acquired controller reveals better performance than an elaborately tuned PID controller. The ℒ1 adaptive controller can handle the coupling better. The output of the controlled system can follow a response of a given transfer function, which benefits the controller design in outer loop.
INTRODUCTION
The research of autonomous underwater vehicle (AUV) with a single propeller is a hotspot in the research field of robotics recent tens of years. The choice of controller is constrainted by dynamics model forms. As we all know, more controllers can be used if the dynamic model is simple. On the other hand, a simple model is always lost too much key characteristics, that result in bad control effect on real system. The controller used in AUVs can be roughly divided into three categories, either controller using dynamic model with the full six degrees of freedom, controller using dynamic model with independently degree of freedom, or controller based on linear dynamic model of small-scale.
Full six degrees of freedom dynamics model is often obtained by CFD modeling methods or tank towing tests [1] . Santhakumar [2] applies back stepping to design a controller on dynamic model with the full six degrees of freedom. It is suitable for simulation but hardly to design a controller. The parameters in this controller are hard to tuning and difficult to apply in practical engineering problems.
SISO model based on mechanism modeling or empirical formula always has simple structure. Those models are easy to use an adaptive or robust control law but hard to deal with the strong model error and coupling that didn't show in structure. Wei [3] proposed an adaptive controller on a ROV with nolinear SISO model and acquired a good performance in heading channel. Eng [4] uses online system identify to build simple model and control the AUV by a gain-scheduled controller. The experimental results indicate that the gain-scheduled controller achieved better system performance compare with a constant gain controller. But, both of the paper didn't take the coupling effect into consideration.
To mostly controller design of AUVs. It is suitable to build a full six degrees of freedom dynamics model firstly, and then, simplify the model into separated control channels. Given its consideration of the model error caused by simplification, it needs to consider the differences between different modes under different operating characteristics. Yuh [5] applies slidingmode control law to control the attitude of an ROV and experimentally good. However, this method have to design numbers of controllers at the same time and do not have the ability of adaptation.
Hance, we firstly build a full-six-degree-of-freedom hydrodynamic model, and simplify it considering the error caused by simplify. Then, ℒ1 adaptive controller is used to handle the coupling. Sarhadi [6] applied ℒ1 adaptive control on a simplified dynamic model of REMUS AUV. However, they lost a lot of nolinear characteristic in simplifying the model and didn't take the effect of coupling and the linearization error into consideration. ℒ1 adaptive control were proposed by Cao Chengyu and Hovakimyan Naira [7] . The controller is an improved controller of MRAC with fast adaptive characteristic. ℒ1 adaptive controller were widely used in controlling unmanned aerial vehicles [8] . Maalouf [9] applied ℒ1 adaptive control on an AC-ROV and brought about good control results. As the model of viscous force is simple of AC-ROV, the hydrodynamic model of AUV is much more complex. It is not suitable to control an AUV use ℒ1 adaptive control directly. Based on a more precise hydrodynamic model created by CFD methods, using the system identification method to identify the linearization error and the coupling character into errors of model parameters. And then, establishment ℒ1 adaptive controller based on this identified model. In this way, we can achieve a good adaptive control within a given maneuvering range and weaken the coupling effects between channels.
Therefore, this paper presents a novel application of system identification and ℒ1 adaptive control. The entire design process is divided into three steps, namely the establishment of a full-six-degree-of-freedom hydrodynamic model, simplification and the establishment of ℒ1 adaptive controller. In Section 2, we build a hydrodynamic model to simulate the motion of the AUV and compare it to a field test data. Then, simplify the model in pitch and yaw control channel. System identification method was used to identify the approximate linear system and time-variation characteristic. In Section 3, we design ℒ1 adaptive controller for pitch and yaw channel. In Section 4, we simulate the controller on hydrodynamic model. the result showed that ℒ1 adaptive controller can weak the effect of coupling well. The conclusion is given in Section 5.
HYDRODYNAMIC MODEL AND SIMPLIFICATION
In the first step of our design, we need to build a fullsix-degree-of-freedom hydrodynamic model to increase data. AUVs have strong coupling in separated control channels. Using system identification to get a mathematical model in closed loop is really difficult and always cannot converge to the true value. To build a hydrodynamic model based on CFD method is advantageous to speed up the design of the controller.
The AUV we test our method on was named Explorer-100, was built by the Shenyang Institute of Automation, Chinese Academy of Sciences, to meet the requirements of fast, flexible, and low cost [10] . It has one propeller at end with four fins to control the attitude. Like most AUV, the Explorer-100 AUV can stabilize roll angle by itself, and it does not use fins to control the roll angle. The fins are arranged in sharp X, symmetry in Y and Z axis. To simplify the control problem, control outputs of attitude were virtual as rudder and elevator angles. Hwang [11] proposed a accurate model of X-sharped fins, we use the simplified model to built the hydrodynamic model of whole body. The mapping from rudder and elevator angles to fin angles can be shown in (1):
Where 1 the angle of left-upper fin is, 2 is the angle of right-upper fin, 3 is the angle of left-lower fin, and 4 is the angle of right-lower fin. The control output channel were defined as , and , where is the equivalent of rudder angle when changing the angles of X-sharped fins to turn left or right.
is the equivalent of elevator angle when changing the pitch angle of the AUV. The propeller can be controlled by a desire speed in RPM as .
Fig. 1: Explorer-100 AUV with X-sharped fins
We apply a six-degree-of-freedom motion model [12] to the AUV to describe its surge, sway, heave, roll, pitch, and yaw motions. We set the origin of the body-fixed frame of the AUV at its center of buoyancy. The general motion of the vehicle in six degrees of freedom can be described as (2):
Where describes the inertia matrix. ( ) is the coriolis force matrix.
is the force of fins. is the thrust of propeller.
is the resultant of weight and buoyancy. The and ( ) can be deduced easily [12] .
is the dumping force which were reserved of the first order, the second order and the third order with the form of second order, where
CFD method were used to identify both the structure and parameters of hydrodynamic damping model. We import the mechanical model into ANSYS CFX, simulate the dumping force in steady state in different current and attitude. Considering the most probably situation that the AUV were faced in early field tests, we designed experiments in different condition as (3).
Where is the angle of attack and is the angle of drift. As 575 different situations were calculated, we are able to identify the model structure and parameters.
As was said before, X-shaped fins are controlled in equation to be remapped into the angle of rudder and elevator. | || | and | | | | were add in the equation and fit the effect of fins perfectly. Healey et. al [13] proposed a method to build a model of propeller. As the whole method is too complex for us, we simply combine field test data and hydrodynamic damping model to identify the parameter. From the field test we get the mapping of velocity to the rotate speed of propeller. Substitute the velocity into hydrodynamic damping model and get the damping force:
Finally, the six-degree of freedom nonlinear equation are as follows:
In the second step of our design, we need to find a reference model for controller. To increase the stability of numerical calculation and get a suitable reference model used in designing ℒ1 adaptive controller, hydrodynamic model should be simplified. In this paper, system identification is used instead of direct simplify [6] to acquire more design resources for the controller.
Firstly, a common simplified model in Yaw channel were build. Consider the inertia moment is mainly effect by the main diagonal. Set the other parameters to zero, the hydrodynamic model in (4) can be simplified as (5):
As the controller is focus on the angle velocity of r, consider:
Set the steady velocity u to 1.5m/s. Let 0 = 1.5 and got the common simplified model as (6) in Yaw channel:
Then we use system identify method to get the parameters in the two-order structure. Let the input parameters of identification consistent with the situation in field tests. Set the propeller rotate speed at = 420 and set the identify signal and to be a white noise signal with mean 0 and variance 8 every 0.5 seconds. Simulate the full-six-degreehydrodynamic-model at 100Hz of the identify signal. Then identify the parameters from the input and output date. Finally we get a identified model (7) which is different from (6) .
[
As the MATLAB System Identification Toolbox was used in our identifying the model, we can get the each error limit of parameters given in (8):
We use this to design a set of signal to simulate the dynamic errors of identified models which benefits confirming the parameters in ℒ1 adaptive controller.
Simulation these two different model and comparing them with the hydrodynamic model. In order to simulate the real environment, set propeller rotate speed as 420 and
We got output R and Yaw in Fig. 2 : As strong coupling between pitch and yaw channel, both the simplified model and the identified model produced a large error of yaw. But, the identified model produced less error of Yaw and the identified model has two poles of a more stable which benefits the ℒ1 adaptive controller design.
We do the same thing on the pitch channel and get an identified model of pitch as (9) :
[˙˙] = ℒ1 ADAPTIVE CONTROLLER DESIGN The final step in our design is to establish controllers. The ℒ1 adaptive controller here applied in this paper, is extensively described in paper [7] . We take parameter uncertainties and measure noise into account. The adaptive law based on projection is described in paper [14] . In this section, we present the ℒ1 adaptive controller design of yaw and pitch channel. We first introduce some notation that will be used in the controller definition and the subsequent analysis. Consider the following system:
Where ( ) denotes the vector of time variant unknown parameters. Assuming that unknown parameters are uniform and bounded,
Set Θ = (−1, 8). Use the system in (7) which is acquired from system identification as to be the controlled system. However, is not Hurwitz, so we use pole placement method to redesign the desired with a static feedback gain . We would therefore get = − with = . In designing the controller of channel yaw, Set Output of this system is similar to the output of our PID controller which will be compared to later. The system can be rewritten in state space form:
Consider the following state predictoṙ
Where is a constant that can be tuned to shape the frequency response of the closed-loop system [15] . The prediction error is˜( ) =ˆ( ) − ( ),ˆis the adaptive estimates. The adaptive process is governed by the following projection-based adaptation law,
Where Γ ∈ + is the adaptive rate, and = is the solution of the algebraic lyapunov equation + = − for some arbitrary Q = . The controller signal ( ) is generated in frequency domain by:
( ) is external pole assignment controller to speed up the response of the system.
As the ℒ1 adaptive controller is defined above, subject to the following ℒ1-norm condition:
Where: ] ,
Which is acquired from system identification. Simulated the model error in (12) as time-varying error at different frequencies:
,
White noise were added to simulate the noise of sensors: Figure 4 demonstrates that the ℒ1 adaptive controller can deal with the linear model with time-varying model error. The convergence speed is also found satisfactory while initial fin deflection is seen negligible. Comparison Fig. 4 with Fig. 3 , it shows that the ℒ1 adaptive controller adapt the change of model.
In the same way, we can get the controller of Pitch channel. Simulation in Fig. 5 verifies the performance of the controller for pitch channel.
SIMULATION RESULT
To verify the decoupling effect of the method proposed in this paper, Use both of the controllers on the full-six-degree- 
These controller were simulated with white noise with variance 1 ∘ . When velocity u increased from 0m/s to 1.5m/s, the AUV showed good adaptability and stability. Figure 6 showed that the simulation of hydrodynamic model and the identified model have similar output characteristics. In addition, the adaptive parameters convergence in the same area which proved that the system identification method is reliable in simplifying hydrodynamic model. In Fig. 6 , the output of yaw channel can follows the reference system when pitch angle changes in a wide range. However, the controller in pitch channel convergence slow primarily because the ℒ1 adaptive controller can hardly deal with constant error of input caused by gravity. As was shown, it is reliable using system To make the result more reliable, The ℒ1 adaptive controller was compared to PID controller in effect. In this comparison, pitch channel is controlled by PID and yaw channel is controlled by PID or ℒ1 adaptive controller respectively. Both the PID controllers were tuned elaborate in field tests to fit the most of operating environments. The ℒ1 adaptive controller was tuned to follow the response of PID controller in yaw channel in previous work as Fig. 7 . The parameters of the PID controllers were given below:
In Fig. 8 , we change the PID parameters in pitch channel as follow: In this paper, an adaptive attitude controller based on system identification and ℒ1 adaptive controller was designed. Firstly, the CFD method is used to identify the structure and parameters of hydrodynamic damping model. Then, nonlinear optimization was adopted to optimize the parameters. The stability of parameters are used to get the parameters and simplify the hydrodynamic model. Then, the system identification method is used to acquire a decoupled model and get the coefficients of model-parameter-error to be used in designing the ℒ1 adaptive controller. Finally, the ℒ1 adaptive controller is designed based on the identified models. Simulation results prove that ℒ1 adaptive controller is useful to deal with the model error and coupling between control channels. The adaptive law can follow the state varying rapidly even with measurement noise and model error.
As what was showed, the method has three main benefits: 1) Design is based on linear controlled model, that designers can use more design tools.
2) The output of AUV can well imitate a specified system, which benefits the path planning and external control loop. 3) Easy to limit the scope of the adaptive parameters. The controller can guarantee the basic control characteristics when adaptive controller is not convergence. There are still problems to solve also. Firstly, the hydrodynamic model was not optimized from field test data. Martin and Whitcomb [16] proposed a method of experimental identification of six-degree-of-freedom coupled dynamic plant models. Combine their and our method, we can optimize the full-six-degree-of-freedom model to make our results more reliable. Secondly, the pitch channel exist constant disturbance which makes the character of adaptive control not ideal. Future research efforts on these subjects include the experimental investigation on the approach presented in this paper.
